Theiler's murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) is a wellcharacterized murine model of human multiple sclerosis (MS) that closely resembles the chronic and progressive clinical form of the disease. Recent studies have described the involvement of the cannabinoid system in the progression of the disease and the benefits associated with the administration of cannabinoid agonists. With the objective to study whether "indirect" agonists, that is, compounds able to reinforce the physiological endocannabinoid transmission and, therefore, devoid of the psychotropic effects of "direct" agonists, could be suitable agents for the amelioration of MS neurological deficits, we administered the potent and selective anandamide uptake inhibitor UCM707 to TMEV-infected mice. Our results indicate that treatment during established disease significantly improves the motor function of the diseased mice. At the histological level, UCM707 is able to reduce microglial activation, diminish major histocompatibility complex class II antigen expression, and decrease cellular infiltrates in the spinal cord. Additionally, in microglial cells, UCM707 decreases the production of the proinflammatory cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6; reduces nitric oxide levels and inducible nitric oxide synthase expression; and is able to potentiate the action of a subeffective dose of the endocannabinoid anandamide. Overall, these results suggest that agents able to activate the endocannabinoid system could constitute a new series of drugs for the treatment of MS.
the autoimmune response mediated by specific CD4 + Th1 cells against myelin epitopes, although the generation of a chronic proinflamatory environment is thought to be of great importance for the impairment of the remyelination process (1).
Theiler's murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) is a wellcharacterized murine model of human MS, which closely resembles the chronic and progressive clinical form of the disease (2) . Infected mice exhibit several clinical deficits such as progressive impaired motor coordination, incontinence, and paralysis associated with axonal loss and electrophysiological abnormalities (3) .
In spite of it being the most common human primary demyelinating disease of the CNS, there is no satisfactory treatment as yet for MS (4, 5) , and there is a clear need for the development of agents able to treat this progressive disorder. Within this search, the endogenous cannabinoid system (ECS) has arisen as a promising new therapeutic target for the treatment of the disease. It has been described that cannabinoids, compounds active at the ECS, affect the pathogenesis of MS (6, 7) . Several independent studies, performed in different animal models of MS, show that cannabinoids may impact the course of disease progression. In this context, synthetic cannabinoids are able to reduce spasticity and tremor in mice with chronic relapsing experimental autoimmune encephalomyelitis (CREAE) (8) . Also, in TMEV-infected mice, cannabinoid agonists induce recovery of motor function, diminish inflammation, and promote remyelination (9) by ameliorating the progression of clinical disease symptoms (10) . These beneficial effects have been attributed to the activation of the ECS induced by the administration of cannabinoid agonists. In this regard, the ECS tonically controls spasticity in animal models of MS (11) , exerts a direct effect on the motor neurotransmission pathways (12) , diminishes the neuroinflammation (9, 13) , and inhibits neurodegeneration (14) .
However, the main drawback of a therapy based on cannabinoid "direct" agonists is their psychotropic side effects, which could hamper their suitability for long-term use. Therefore, a possible alternative devoid of these undesirable effects could rely on the activation of the ECS by the use of "indirect" agonists such as endocannabinoid uptake inhibitors (15, 16) .
Our study shows that the use of UCM707, a selective inhibitor of the cellular reuptake of the endocannabinoid anandamide (17) , improves motor function in TMEV-IDD-infected mice and diminishes neuroinflammation. UCM707 decreases microglial activation, infiltration of microglia/macrophages and microglial major histocompatibility complex (MHC) class II antigen expression. Additionally, it decreases the production of proinflammatory mediators such as nitric oxide (NO) and cytokines such as tumoral necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6. These results confirm the therapeutic potential of inhibitors of endocannabinoid uptake for the treatment of MS by the regulation of ECS activity.
MATERIALS AND METHODS

Animals and Theiler's virus innoculation
We used female SJL/J mice, susceptible to TMEV-IDD development, from our in-house colony (Cajal Institute, Madrid, Spain), maintained on food and water ad libitum in a 12 h light/dark cycle. Four-week-old mice were inoculated intracerebrally in the right cerebral hemisphere with 10 6 pfu of BeAn TMEV strain in 30 µl of DMEM supplemented with 10% fetal calf serum (FCS) as described previously (9) . Handling of animals was performed in compliance with the guidelines of animal care set by the European Union (86/609/EEC).
Reagents
Culture media and FCS were obtained from Invitrogen (Barcelona, Spain). Anandamide and lipopolysaccharide (LPS) were from Sigma (Madrid, Spain). Methanandamide dissolved in Tocrisolve was from Tocris (Bristol, UK). Cannabinoid antagonists SR141716A and SR144528 were supplied by Sanofi Recherche. UCM707 and OMDM1 were synthesized as described previously (17, 18) . All other reagents were obtained from standard suppliers.
Evaluation of motor coordination and motor function
At 90 days after TMEV infection, neurological dysfunction was tested by the rotarod test, which measures balance, coordination, and motor control, as described previously (9) . The trial was terminated when mice fell from the apparatus or after a maximum of 5 min. Data were collected from mouse rotarod performance 1 day before the beginning of treatment and 12 days after treatment. Both naïve and TMEV-infected mice were injected i.p. with UCM707 (5 mg/kg; once a day for 12 days), methanandamide (2.5 mg/kg during the first 6 days and 3.75 mg/kg during the last 6 days of treatment), or vehicle (Tween 80:PBS, 1:14, or Tocrisolve). Seven mice were used for each treatment. Motor function was tested by measuring spontaneous locomotor activity (Activity Monitor System; Omnitech Electronics, Columbus, OH). Data were analyzed with Student's t test, and P < 0.05 was considered statistically significant.
Tissue processing and immunohistochemistry
Mice were anesthetized by i.p. pentobarbital administration and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Spinal cords were collected and immersed for an additional 4 h at room temperature (RT) in the same fixative and, after several washes in PB, were cryoprotected for 2 days with a 30% solution of sucrose in 0.1 M PB. Spinal cords were divided into five segments. From each segment, ≈1 mm was embebed in Tissue-Tec and sliced in 35-µm-thick cross cryostat sections. Sections were kept at -20°C in Olmos' cryoprotective solution (30% sacarose, 1% polyvinylpirrolidone, and 30% etilenglycol in 0.01 M PB) until used.
Spinal cord sections were processed as described previously (9) 
Microglial cultures
Primary microglial cultures were obtained as described previously (19) . For immunocytochemistry, cells were grown on coverslips, fixed in 4% paraformaldehyde for 15 min at RT, and then incubated with 1:200 OX-42 antibody (Serotec) in PBS containing 5% FCS and 0.1% Triton X-100 for 24 h at 4°C. Coverslips were then rinsed with PBS and incubated with the corresponding secondary Alexa-conjugated (1:1000) antibody for 1 h at RT. Nonspecific interactions of secondary antibodies were verified by omitting the primary antibodies. The nuclei were labeled with bis-benzimide (Hoechst 33258; 1 µg/ml for 10 min at RT). Coverslips were mounted on glass slides with fluorescent mounting medium. Preparations were visualized under a Zeiss Axiovert (Oberkochen, Germany) fluorescent microscope with a ×40 objective.
Nitrite, TNF-α, IL-1β, and IL-6 measurements
Inducible NO synthase (iNOS) activity was assessed by measurement of NO 2 -(a breakdown product of NO) accumulation in the cell culture media. After incubation (12-15 h) in the corresponding conditions according to the experiments, aliquots of the culture supernatants (100 µl) were mixed with 100 µl of Griess reagent (1% sulfanilamide and 0.1% naphthylethylenediamide in 5% phosphoric acid), a colorimetric indicator of the presence of NO 2 - (20) . Then the optical density at 550 nm (OD 550 ) was measured and the nitrite concentration was calculated by comparison with the OD 550 produced using standard solutions of sodium nitrite in culture medium.
The concentration of TNF-α, IL-1β, or IL-6 in the harvested supernatants from microglial cultures was determined using enzyme-linked immunoadsorbent assays (Biosource International, CA). The detection limits were 4 pg/ml for TNF-α, 3 pg/ml for IL-1β, and 8 pg/ml for IL-6. Coefficients of intra-and interassay variation were 2.7 and 3.9%, respectively, for TNF-α; 3.7 and 5.9%, respectively, for IL-1β; and 6.7% and 9.4% respectively, for IL-6. There was no detectable crossreactivity with other cytokines.
Western blot analysis
After treatments, microglial cells were washed with ice-cold PBS and lysed in TBS, pH 7.6, containing 10% glycerol, 1% Nonidet P-40, 1 mM EDTA, 1 mM EGTA plus complete protease inhibitors cocktail. Cell lysates were mixed with 5× Laemmli sample buffer and boiled for 5 min. Then equal amounts of protein (25 µg) were resolved on 10% SDS-PAGE and electroblotted at 90 V for 70 min at 4°C to nitrocellulose (Amershan Biosciences). The membranes were blocked for 1 h at RT in 5% (w/v) dry skim milk (Sveltese, Nestlé, Barcelona, Spain) in TBS with 0.1% Tween 20 (TBST). Then, the membranes were incubated overnight at 4°C with the corresponding primary antibodies (iNOS 1:2500; α-tubulin 1:30000) in 5% milk-TBST, extensively washed with 5% milk-TBST solution, and incubated with peroxidase-conjugated anti-mouse (1:8000) secondary antibody for 1 h at RT. Finally, the blots were rinsed and the peroxidase reaction was developed by enhanced chemiluminescence (Amershan Biosciences). The blots were stripped in 62.5 mM Tris-HCl, pH 6.8, containing 2% SDS and 0.7% β-mercaptoethanol and were reprobed sequentially.
The anti-iNOS was from BD Transduction Laboratories (San Diego, CA) and the anti-α-tubulin was from Sigma (Madrid, Spain). The secondary peroxidase-conjugated anti-mouse antibody was from Bio-Rad (Hercules, CA).
Reverse transcriptase-PCR analysis
Before experiments, the culture medium was changed to DMEM with 1% FCS for 2 h. Microglia were exposed to LPS/IFN-γ (50 ng/ml/100 U). In cultures treated with AEA or OMDM1, the compounds were added 30 min before LPS and maintained throughout the experiment. Eighteen hours poststimulation, total RNA was isolated with the RNeasy Mini Kit (Qiagen) according to the manufacturer's recommendations. Reverse trascription into cDNA was performed using the AMV Reverse Transcriptase from the Reverse Transcription System kit (Promega) according to the manufacturer's recommendations. PCR was performed using the following primers derived from previously published sequence data: murine IL-1β, 5′-CTCCATGAGCTTTGTACAAGG-3′ and 5′-TGCTGATGTACCAGTTGGGGG-3′; murine TNF-α, 5′-TCAGCCTCTTCTCATTCCTGC-3′ and 5′-TTGGTGGTTTGCTACGACGTG-3′. In both cases, PCR amplification reactions were as follows: 94°C denaturation for 1 min, 55°C primer annealing for 1 min, and 72°C elongation for 1 min, for 35 cycles; murine MHC II α chain, 5′-GCTCTCGGAGACCTATGACG-3′ and 5′-ACAGGCAAACCTCTGGACAC-3′; PCR reaction as follows: 94°C denaturation for 1 min, 50°C primer annealing for 1 min, and 72°C elongation for 1 min, for 30 cycles. Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) (5′-CATTGACCTCAACTACATGGT-3′ and 5′-TTGTCATACCAGGAAATGAGC-3′) was used as an internal standard. PCR products were analyzed on 1.5% agarose gel.
RESULTS
Treatment with the anandamide uptake inhibitor UCM707 improves motor function on established neurological symptomatology
Several studies correlate poor ability to perform rotarod test with demyelination induced by TMEV infection (21) . TMEV-infected mice exhibited reduced ability in rotarod performance before treatment compared with sham mice (Fig. 1A) , but administration of UCM707 induces a significant effect (P<0.05) in the ability of TMEV-infected mice to perform the rotarod assay 1 day after the end of the treatment (Fig. 1B) . Also, other motor parameters such as vertical and horizontal activity are ameliorated by treatment with UCM707 (Fig. 1C, 1D) . A similar improvement in motor function is also observed after administration of methanandamide, the metabolically stable analog of anandamide (Fig. 1B, 1E ).
Anandamide uptake inhibitor UCM707 reduces microglial activation in TMEV-infected mice
Microglial cells in the spinal cord of TMEV-infected mice showed a reactive morphology in white and gray matter ( Fig. 2A, 2C) ; 12 day treatment with UCM707 markedly switched their morphology toward a resting one (Fig. 2B, 2D ).
Macrophage/microglial cells can process and present myelin epitopes in association with MHC class II molecules to CD4 + T cells within the CNS of TMEV-infected mice (22) . Double immunostaining for Mac-1 and H-2A (SJL/J MHC class II haplotype) revealed a predominant colocalization of MHC class II antigen expression on Mac-1 + cells in the white and gray matter of TMEV-infected mice spinal cords (Fig. 2E) . One day after treatment with UCM707, positive immunostaining for MHC class II almost disappeared in microglial cells (Fig. 2F) .
Inhibition of endocannabinoid uptake decreases the production of proinflammatory molecules by microglial cells
The inflammatory environment promoted by the reactive microglia together with infiltrated peripheral macrophages contributes to the hampering of the remyelination process. Therefore, we assessed whether administration of UCM707 was able to diminish some of the proinflammatory factors that increase during the time course of the disease, such as NO production; iNOS expression; and proinflammatory cytokines such as TNF-α, IL-1β, and IL-6. Stimulation of microglial cells in culture (Fig. 3A, 3B ) with 50 ng/ml LPS leads to an increase in the reactivity of the cells, which is accompanied by an enhancement in the proinflammatory cytokines TNF-α, IL-1β, and IL-6 (Fig. 3C ). This effect is comparable to the inflammatory response induced after TMEV infection (23) . Administration of UCM707 (5 µM) induces a remarkable decrease in the concentration of TNF-α and IL-1β and a moderate reduction in the levels of IL-6, an effect that is dose dependent since it is enhanced by the use of a higher dose of 20 µM (Fig. 3C ).
Treatment with UCM707 decreases NO production (Fig. 4A ) in a dose-dependent manner. This effect is partially blocked by coincubation with 1 µM of the CB 1 and CB 2 cannabinoid antagonists SR141716A and SR144528 (Fig. 4C ) and mimicked by administration of anandamide (10 µM) (Fig. 5A ). Furthermore, UCM707 is able to potentiate the action of a subeffective dose of anandamide (1 µM) (Fig. 5C) . In all the cases, the results obtained when the two cannabinoid antagonists were used simultaneously were not significantly different from those obtained when the two compounds were administered independently; therefore, and for the sake of clarity, only the effect of both antagonists together is shown in Fig. 4 and 5. The effects on NO levels are due to a direct effect on iNOS expression, the main enzyme involved in NO production under inflammatory conditions (Fig. 4B, 4D , 5B, 5D).
In an attempt to elucidate whether the inhibition of microglial reactivity by the compound UCM707 is a feature also common to other chemically unrelated inhibitors of endocannabinoid uptake such us OMDM1 (18, 24) , we performed in vitro experiments with this compound in microglia cultures. Our results indicate that in microglial cells OMDM1 (5 µM) was able to inhibit the expression of mRNA for the α chain of MHC class II molecule, and also prevented IL-1β and TNF-α mRNA expression (Fig. 3D) . As expected in microglial cells, anandamide elicited a decreased expression of IL-1β and TNF-α mRNAs in agreement with the decreased protein levels as measured by ELISAs. These results indicate that inhibition of endocannabinoid uptake by structurally unrelated inhibitors markedly reduced the expression of proinflammatory molecules involved in the pathogenesis MS as well as in other chronic inflammatory diseases.
DISCUSSION
The activation of the ECS with exogenous agonists has been involved in the amelioration of the motor functionality in different models of MS (8) (9) (10) . Besides, it has been indicated that the endocannabinoid tone could provide a protective physiological mechanism based on the enhancement in the levels of endogenous cannabinoids that follows the progress of the disease (11) . All these effects have been justified based on the influence of the ECS on motor pathways together with its anti-inflammatory actions. Consistent with this hypothesis, administration of UCM707, an "indirect" agonist of the ECS, clearly improves the motor functionality in the TMEV-IDD MS model. This improvement runs in parallel to a decrease in microglial reactivity and a nearly complete disappearance of microglial MHC class II antigen expression within the spinal cord of TMEV-infected mice. These results are compatible with the proposed immunomodulatory mechanism by which activation of the ECS induces a decrease in the inflammatory environment. Microglial cells are one of the first cell types to respond to neuroinflammation. They acquire a reactive phenotype, by retracting their processes and migrating toward the site of injury, where they release proinflammatory cytokines such as TNF-α, IL-1β, or IL-6 (25, 26) . Besides, NO production by microglial cells is also associated with immune-mediated cellular cytotoxicity and pathogenesis of MS by contributing to the toxicity to oligodendrocytes (27, 28) . In this regard, the expression of iNOS, the main enzyme responsible for the synthesis of NO, in the spinal cords of mice with different models of MS, has been described to correlate with the severity of the disease (29) . The decrease on the levels of the proinflammatory cytokines TNF-α, IL-1β, or IL-6 produced by administration of UCM707 is consistent with the neuroimmunomodulatory role proposed for the ECS. We provide further evidence for the involvement of the ECS on neuroinflamation with the results obtained using OMDM1, which again prevented the expression of mRNAs for IL-1β and TNF-α, as well as of MHC class II antigen in microglial cells. Additionally, the inhibition of microglial NO production, which runs in parallel to a reduced expression of iNOS following UCM707 administration, may support the functional amelioration observed in agreement with previously reported studies that describe the ability of iNOS inhibitors to alleviate MS symptoms (30) .
In agreement with the action of UCM707 as an "indirect" agonist of cannabinoid receptors (31), anandamide was found here to mimic its effects, while UCM707 was found to potentiate the effect of a subeffective dose of anandamide, a result that reinforces the notion that UCM707 is able to enhance endocannabinoid signaling. This result is also consistent with the observation that in vivo administration of methanandamide, the metabolically stable analog of anandamide, is able to induce amelioration of motor function in a similar way as UCM0707, which further supports the importance of the protecting effect of anandamide in this model of MS.
Since microglial cells express both types of cannabinoid receptors (13), we evaluated their contribution to the effects induced by UCM707 and anandamide by studying these effects in the presence of the CB 1 and CB 2 antagonists SR141716A and SR144528. Coadministration of both antagonists partially reversed the observed effects. This result confirms the involvement of cannabinoid receptors but also indicates the contribution of CB 1 -and CB 2 -independent effects. However, this is not unusual considering that anandamide exerts its effects by acting on a number of receptors different from the cannabinoids, such as vanilloid receptors (32) , as well as via receptor-independent mechanisms (33, 34) .
These data, taken together, suggest that the endocannabinoid signaling system has a regulatory function in the inflammatory response, a notion that is consistent with the fact that microglial cells, important mediators of inflammation events, express both cannabinoid receptor subtypes as well as the molecular machinery to produce and degrade the endocannabinoids. Our results are also consistent with an up-regulation of the components involved in cannabinoid signaling, with a likely protective function, such as that reported for other MS models like CREAE (11) and, more generally, for other excitotoxic events (35) . Therefore, our results confirm that the pharmacological potentiation of ECS signaling by administration of inhibitors of endocannabinoid inactivation can constitute a promising therapeutic approach for the treatment of motor deficits associated with the progression of MS. The results of the present study with UCM707 are also in accordance with the motor improvement recently reported by our group in the same MS model and following administration of the endocannabinoid uptake inhibitors OMDM1 and OMDM2 (36) , and therefore they further support the involvement of ECS in the observed effects.
In conclusion, the present study shows that activation of the ECS by using a selective anandamide uptake inhibitor such as UCM707 produces remarkable motor improvements in the chronic TMEV-IDD MS model. These therapeutic effects may be due to the role played by the ECS at the level of immunomodulation, since they run in parallel to decreases in microglial reactivity and MHC II expression. By targeting microglial cells, two structurally nonrelated endocannabinoid uptake inhibitors (UCM707 and OMDM1) compromise immune reactivity and suppress excessive production of proinflammatory cytokines and NO, thus providing a molecular pathway explaining the benefits observed against TMEV-induced demyelinating disease. These results are also in agreement with recent experiments that describe how blockade of microglial activation represses the development of the EAE model of MS (37) . Our data suggest that anandamide uptake inhibitors can be used to efficaciously treat MS and confirm the protective role played by the ECS in this pathology. This type of treatment has the advantage of avoiding at least part of the undesirable side effects induced by direct activation of cannabinoid central receptors, since it results in the enhancement of the extracellular levels of endocannabinoids, available for cannabinoid receptor activation, only at those sites where there is an ongoing biosynthesis of endocannabinoids. 
